Prepulse inhibition (PPI) is an example of sensorimotor gating and deficits in PPI have been demonstrated in schizophrenia patients. Phencyclidine (PCP) suppression of PPI in animals has been studied to elucidate the pathological elements of schizophrenia. However, the molecular mechanisms underlying PCP treatment or PPI in the brain are still poorly understood. In this study, quantitative phosphoproteomic analysis was performed on the prefrontal cortex from rats that were subjected to PPI after being systemically injected with PCP or saline. PCP down-regulated phosphorylation events were significantly enriched in proteins associated with long-term potentiation (LTP). Importantly, this dataset identifies functionally novel phosphorylation sites on known LTP-associated signaling molecules. In addition, mutagenesis of a significantly altered phosphorylation site on xCT (SLC7A11), the light chain of system xc-, the cystine/glutamate antiporter, suggests that PCP also regulates the activity of this protein. Finally, new insights were also derived on PPI signaling independent of PCP treatment. This is the first quantitative phosphorylation proteomic analysis providing new molecular insights into sensorimotor gating.
Introduction
Schizophrenia is a complex neuropsychiatric disorder with symptoms including hallucinations, delusions, paranoia, disorganized thoughts, social isolation, and cognitive deficits. About 1% of the US population have schizophrenia and currently there is no cure, with drugs only controlling a few specific symptoms ( 1 ) . In addition to the core symptoms, schizophrenia is also associated with impairments in attentional and pre-attentional processes, such as sensorimotor gating. Sensorimotor gating is defined as the ability of a sensory event to suppress a motor response and is fundamental to cognition ( 2 ) . A laboratory paradigm of sensorimotor gating is prepulse inhibition (PPI) of acoustic startle, where a nonUsers may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms startling "pre-stimulus" inhibits the response to a startling stimulus. Decreased PPI has been reported in humans with neuropsychiatric disorders compared to the normal population, but it is best characterized and most widely replicated in schizophrenia patients ( 3 ) .
It has been hypothesized that schizophrenia results from hypo-function of N-methyl-Daspartate glutamate receptors (NMDAR), which are ion channels permeable to Ca +2 . NMDAR are abundant throughout the brain and are essential for neuronal differentiation, neuronal migration, synaptogenesis, synaptic remodeling, forms of synaptic plasticity (i.e. long-term potentiation (LTP)), and cognitive functions including learning and memory ( 4 -7 ) . The driving force behind the NMDA hypo-function theory of schizophrenia is that NMDAR antagonists, such as phencyclidine (PCP), can induce a psychotic state in normal humans and exacerbate symptoms in schizophrenia patients ( 8 -10 ) . PCP also produces PPI deficits in animals ( 11 ) . Antipsychotic drugs, effective in controlling schizophrenia symptoms in humans, can reverse the PCP-induced PPI deficits in animals ( 12 ) . Numerous other reports support this hypo-function theory of schizophrenia. Transgenic mice with reduced NMDAR expression display schizophrenia-like behaviors ( 13 ) . The majority of genes that are associated with an increased risk for schizophrenia can influence NMDAR function or signaling ( 14 -16 ) . Dysregulation of NMDAR has been documented in postmortem brain tissue from schizophrenia patients ( 17 -21 ) . Finally, an imaging study has demonstrated a reduction of NMDAR in schizophrenia patients in vivo ( 22 ) .
The PPI circuit is comprised of the limbic cortex (including prefrontal cortex [PFC] and temporal cortex), ventral striatum, ventral pallidum, and pontine tegmentum which converge on the primary startle circuit at the level of the nucleus reticularis pontis caudalis ( 11 ) . It has been proposed that sub-anestheticdoses of PCP preferentially regulate specific neurons expressing gamma aminobutyric acid (GABA) receptors in the PFC, which disrupts the cortical inhibition and results in excessive glutamate activity ( 23 ) . Indeed, it has been demonstrated that systemic administration of PCP does activate discrete brain regions including the PFC ( 24 , 25 ) , and the blockade of NMDAR can result in excessive glutamate activity in the PFC ( 9 , 26 ) . Nevertheless, the biochemical signaling events underlying PCPinduced behavioral alterations or PPI itself are poorly understood. A better understanding of the biochemical signaling events associated with the performance of PPI and with the effects of PCP may lead to more effective drug targets in the treatment of schizophrenia. rat PFC. SILAM was chosen because it has successfully identifying protein expression changes in the habenula responsible for the depressive behavior in rats ( 37 ) . In SILAM, rats are fed a specialized diet consisting of spirulina enriched with heavy nitrogen ( 15 N) as the only protein source. This results in rats completely enriched in 15N and the 15N tissues can be employed as an internal standard for quantitative MS analysis. The PFC was chosen due to the known abnormalities in this region in schizophrenia and its role in the behavioral effects of PCP and the circuitry of PPI ( 11 , 38 -40 ) . This phosphoproteome dataset demonstrated the complexity of phosphorylation signaling in the PFC. Phosphorylation events that were altered upon PCP administration were significantly enriched in proteins that regulate neuronal morphology. One of these phosphorylation events on the stathmin protein was previously described in postmortem schizophrenia brain tissue strengthening the validity of the PCP animal model of schizophrenia. Phosphorylation events on proteins known to be associated with LTP were down-regulated upon PCP treatment, suggesting that the dataset is a source of novel phosphorylation events that regulate LTP. One significant change induced by PCP on the light chain of the cystine/glutamate transporter, xCT, was further investigated. Mutation of the phosphorylation site demonstrated for the first time that the transporter's activity can be modulated by a post-translational modification. Finally, the entire dataset is available on an interactive website: http://sealion.scripps.edu:8080/pint/? project=04cf043e645ab98e5214396575d271ff#query. Overall, this study identifies the phosphorylation events underlying an animal model of schizophrenia and sensorimotor gating.
Experimental Procedures PPI analysis (Drugs, Animals, behavioral testing)
A total of 16 male Sprague-Dawley rats (Harlan Laboratories, San Diego, CA), weighing 300 to 400 g, were used in these studies. Animals were housed in pairs in clear plastic cages located inside a temperature-and humidity-controlled animal colony and were maintained on a reversed day/night cycle (lights on from 7:00 P.M. to 7:00 A.M.). Food (Harlan Teklad, Madison, WI) and water were available continuously except during behavioral testing, which occurred between 9:00 A.M. and 5:00 P.M. Upon arrival in the colony, all animals were handled gently by the experimenter in order to minimize stress during behavioral testing. Animal facilities were AAALAC-approved, and protocols were in accordance with the "Guiding Principles in the Care and Use of Animals" (provided by the American Physiological Society) and the guidelines of the National Institutes of Health.
Acoustic startle testing was conducted using SR-LAB startle chambers (San Diego Instruments, San Diego, USA). Each chamber consisted of a clear Plexiglass cylinder (8.8 × 19.5 cm) mounted on a solid Perspex base situated inside the ventilated sound attenuating and well-lit (15 W) chamber (39 × 38 × 58 cm). A high frequency loudspeaker inside the chamber produced the background noise of 65 dB and acoustic stimuli 120 dB and 68, 71 and 77 dB pre-pulse stimuli. One week after arrival, all rats underwent a brief baseline startle/PPI session consisting of 120 dB PULSE-ALONE trials and PREPULSE+PULSE trials in which a 12 dB above background noise was presented 100 ms before the onset of the 120 dB pulse. These data were used to assign rats to one of 4 groups (Saline+No PPI test; Saline+PPI test; PCP+No PPI test; PCP+PPI test) matching for baseline startle and PPI. During the acoustic startle/PPI experimental session, rats were presented with five different trial types: pulse alone trials comprised of 40-ms 120dB pulse; prepulse + pulse trials in which 120 dB pulse was preceded (100 ms) by a 20-ms sub-threshold 68, 71 or 77 dB noises; and a no stimulus trial which included a background 65 dB noise. All trial types were presented in a pseudorandom order for a total of 120 trials (12 Pulse-alone trials, 12 of each prepulse+pulse trials, and 60 hidden nostim trials). Six pulse-alone trials were presented at the beginning of the session and another 6 pulse-alone trials were presented at the end of the session and used to assess startle habituation. The amount of PPI was calculated as a percentage score for each prepulse + pulse trial type: %PPI=100-{[(startle response for prepulse+pulse trial)/(startle response for Pulse-alone trial)]×100}.
On the test day, rats were injected with either saline or PCP (1.25 mg/kg; Sigma Aldrich) at a volume of 1ml/kg and placed either 5 minutes later in the startle chambers for measurement of acoustic startle response and prepulse inhibition, which lasted 21 min (PPI tested, see above; for details of methods see ( 41 , 42 ) ) or placed back in a holding cage for 26 min until time of dissection (PPI naïve). Following behavioral testing or the 26 min waiting period, rats (n=3/group) were lightly anesthetized with isoflurane and sacrificed by decapitation. Brains were removed and the frontal cortex was dissected, placed in dry icecooled isopentane for 5 sec, and stored at -80° C.
Metabolic 15 N Labeling of Rat brains
Sprague-Dawley rats were labeled with 15 N as previously described ( 43 ) . The labeled rats at p45 were sacrificed using halothane and the brains were quickly removed and then frozen with liquid nitrogen. Eight 15 N labeled whole brains were homogenized together in buffer H (4mM HepespH 7.5, 0.32M sucrose) and protease and phosphatases inhibitors (Roche, Indianapolis, IN). The 15 N labeling efficiency was determined to be 95% using a previous described method ( 44 ) .
Protein Digestion
After a BCA protein assay (Pierce, Rockford, IL), 500μg of prefrontal cortex from rats from the PPI paradigm were mixed with 500μg of 15 N brain. The 14 N/ 15 N mixture was precipitated with methanol and chloroform. The precipitated pellet was dissolved in 100μl of 0.2% ProteaseMAX (Promega, Madison, WI) and 100μl of 8M urea. Next the sample was alkylated and reduced as previously described ( 45 ) . Then, 300μl of 50mM ammonium bicarbonate, 5ul of 1% ProteaseMAX, and 20μg of sequence-grade trypsin (Promega, Madison, WI) were added. The sample was digested in a 37 °C shaking incubator for 3 hours. After the digestion, the samples were frozen at -80 °C until phosphopeptide enrichment.
Phosphopeptide Enrichment
Phosphopeptides were enriched by modifying a previously published protocol using hydroxyapatite (HAP) ( 46 ) . 30mg of HAP (Bio-Rad, Hercules, CA) was dissolved in 1ml of 40%ACN, 20mM Tris, pH7.4 to make the HAP stock solution. The tryptic digest was thawed and centrifuged at 18,000 × g for 30minutes at room temperature. Acetonitrile was added to the supernatant for a final concentration of 40% and then, 100μl of the HAP stock solution was added. The sample was incubated on a rotator for 1 hour at room temperature. The sample was centrifuged at low speed to pellet the HAP. The pellet was washed three times with 1ml of 60%ACN, 20mM Tris, pH7.4. The phosphopeptides were eluted three times from the HAP with three different buffers in the following order: 20mM K 2 PO 4 , pH 7.8, 100mM K 2 PO 4 , pH 7.8, and 1M K 2 PO 4 , pH 7.8. The elutions were stored at -80°C until MudPIT analysis.
Multidimensional Protein Identification Technology (MudPIT)
A minimum of three technical replicates were analyzed for each biological sample. Each phosphopeptide elution was thawed, 5% formic acid was added, was pressure-loaded onto a fused silica capillary desalting column containing 2cm of 10 μm Jupiter material (Phenomenex, Ventura, CA) followed by 2cm of 3 cm 5-μm Partisphere strong cation exchanger (SCX) (Whatman, Clifton, NJ) into a 250-μm i.d capillary fritted with immobilized Kasil 1624 (PQ Corperation, Valley forge, PA) following the SCX. After the sample was loaded, the desalting column was washed with buffer containing 95% water, 5% acetonitrile, and 0.1% formic acid. Then, a 100-μm i.d capillary with a 5-μm pulled tip packed with 15 cm 4-μm Jupiter material (Phenomenex, Ventura, CA) was attached to a ZDV union and the entire split-column (desalting column-union-analytical column) was placed inline with an Agligent 1200 pump (Agilent Technologies, Santa Clara, CA) and analyzed using a modified 6-step separation described previously ( 47 ) . As peptides eluted from the microcapillary column, they were electrosprayed directly into an Velos mass spectrometer (ThermoFinnigan, Palo Alto, CA) programmed as previously described ( 48 ) .
Interpretation of Tandem mass spectra
Data from technical replicates were combined prior to database searching. Both MS1 and MS2 (tandem mass spectra) were extracted from the XCalibur data system format (.RAW) into MS1 and MS2 formats( 49 ) using in house software (RAW_Xtractor). At this point, the MS1 and MS2 files for duplicate analyses were combined. Tandem mass spectra were interpreted by SEQUEST ( 50 ) , which was parallelized on a Beowulf cluster of 100 computers( 51 ) and results were filtered, sorted, and displayed using the DTA Select 2 program using a decoy database strategy ( 52 ) . For each MudPIT analysis, the protein false positive rate was < 1%. Specifically, the distribution of SEQUEST values (i.e. Xcorr, DeltaCN, and DeltaMass) for (a) direct and (b) decoy database hits were obtained, and the two subsets were separated by quadratic discriminant analysis. Outlier points in the two distributions (for example, matches with very low Xcorr but very high DeltCN) were discarded. Full separation of the direct and decoy subsets is not generally possible; therefore, the discriminant score was set such that a false positive rate of 5% was determined based on the number of accepted decoy database peptides. In addition, a minimum sequence length of 7 amino acid residues was required, and each protein on the list was supported by at least two peptide identifications. These additional requirements -especially the latter -resulted in the elimination of most decoy database and false positive hits, as these tended to be overwhelmingly present as proteins identified by single peptide matches. After this last filtering step, the false identification rate was reduced to below 1%. Searches were performed against the rat International Protein Index (IPI) database (IPI, v3.05).
Quantitative Analysis using Census
After filtering the results from SEQUEST using DTASelect2, ion chromatograms were generated using an updated version of a program previously written in our lab ( 53 ) . This software, called Census ( 54 ), is available from the authors for individual use and evaluation through an Institutional Software Transfer Agreement (see http://fields.scripps.edu/census for details).
First, the elemental compositions and corresponding isotopic distributions for both the unlabeled and labeled peptides were calculated and this information was then used to determine the appropriate m/z range from which to extract ion intensities, which included all isotopes with greater than 5% of the calculated isotope cluster base peak abundance. MS1 files were used to generate chromatograms from the m/z range surrounding both the unlabeled and labeled precursor peptides.
Census calculates peptide ion intensity ratios for each pair of extracted ion chromatograms. The heart of the program is a linear least squares correlation that is used to calculate the ratio (i.e., slope of the line) and closeness of fit (i.e., correlation coefficient (r)) between the data points of the unlabeled and labeled ion chromatograms. Census allows users to filter peptide ratio measurements based on a correlation threshold because the correlation coefficient (values between zero and one) represents the quality of the correlation between the unlabeled and labeled chromatograms, and can be used to filter out poor quality measurements. In this study, only peptide ratios with correlation values greater than 0.5 were used for further analysis. For normalization, the median of the natural log of the ratios from each Census analysis was calculated, and then, all the medians were shifted to zero ( 55 ) . The calculated medians were very similar, and it was assumed any shift in the median was due to human error in the protein mixing.
Bioinformatic and Statistical Analysis
A-score was employed to assign a confidence level to the accuracy of site localization of the phosphorylated moiety ( 56 ) . Ingenuity software was employed to determine the enrichment of protein function and pathways with a particular dataset ( 57 ) . The p-value measures how likely the observed association between a specific function or disease and our dataset would be if it was only due to random chance. The two major factors in this calculation are the number of proteins annotated to specific function or pathway from our dataset and the total number of proteins annotated to the function or disease in the Ingenuity Knowledge Base. For determining the functional differences and networks between brain regions, the input was the statistically significant changes between brain regions.
Glutamate Uptake Assay
HT22 cells were grown at 37 °C in a 10% CO 2 atmosphere in DMEM containing 10%FCS with 100 IU/ml penicillin and 100 μg/ml streptomycin. Mouse xCT cDNA was tagged with EGFP at the C-terminus in the GW1 vector. The serine 26 (S26) was mutated to aspartic acid (D) or alanine (A) by Eton Biosciences (San Diego, CA). Each construct was transfected into HT22 cells using Lipofectamine 2000 (Life Technologies) on 500 000 cells in a 60mm dish plated the day before. The next day the cells were harvested and plated in 24 well plates with 50 000 cells per well with each construct plated in 6 wells. The glutamate uptake assay was performed the next day. For each construct, 10 μM 3 H-glu (Perkin Elmer NEN) was added to 3 wells and 3 H-glu + 1mM HCA, an inhibitor of system xc-, was added to the other 3 wells for 20min at 37 °C. After washing the cells with ice cold HBSS, 400 μl of 0.2N NaOH was added to each well and the cells were incubated overnight at 37°C. 3 Hglu radioactivity from each well was detected with a scintillation counter and the Bradford protein assay was also performed on the cells from each well. The radioactivity (i.e. cpm) was normalized to protein and the HCA-insensitive uptake was subtracted from total uptake for the specific system xc-activity.
Results
The experimental design for the study is outlined in Figure 1A . Prior to PPI testing, rats were either administered saline or PCP and half of the rats under went behavioral testing while the other half were left undisturbed for the length of the PPI session (26 minutes total). Brains were removed 26 minutes after the injection. A low PCP dose (1.25mg/kg) produced a significant decreased in PPI as previously reported ( Figure 1B ; ( 41 )). In total, three rats were analyzed in each condition: Saline (Sal), PCP, Saline + PPI (SalPPI), and PCP + PPI (PCPPPI). The PFC was mixed 1:1 (wt:wt) with 15 N brain homogenate, which serves as an internal standard to quantify between the biological conditions ( 43 ) . The 14 N/ 15 N mixtures were digested, then enriched for phosphopeptides using hydroxyapatite (HAP) ( 46 ) prior to MS analysis. The advantage of SILAM compared to other MS quantitative techniques is that the internal standard is added prior to any sample processing and thus, controls for systematic errors in sample processing (i.e digestion and phosphopeptide enrichment). The identical 14 N and 15 N phosphopeptides behave the same during the peptide separation and co-elute into the mass spectrometer. All the abundances of 14 N and 15 N paired peptides are extracted from the MS data and a 14 N/ 15 N ratio is calculated by the algorithm Census ( 58 , 59 ) . Since the same 15 N material was added to all conditions, a ratio-over-ratio analysis is used and the differences between the biological conditions can be quantitated. Overall, 118995 phosphopeptides were identified with a peptide FDR < 1% and 99810 phosphopeptides were confidently quantified ( Figure 1C ). This represents 10173 unique phosphopeptides from 1672 unique genes. Fifty-eight percent of the quantified peptides were singly phosphorylated ( Figure 1D ).
PFC phosphoproteome-The molecular functions of the quantified phosphoproteins were distributed widely among known protein functions (Figure 2A ). Kinases represented 18% of the phosphoproteins quantified demonstrating the vital function phosphorylation plays in kinase regulation. Kinases from all the known families were represented except the Ck1 family, which only represents 2% of known kinases ( Figure 2B ). The role of phosphorylation in kinase regulation has been most extensively studied in the AGC family ( 60 ) . This family is named after its founding members: PKA, PKC, and PKG. Phosphorylation of three conserved motifs are required for full kinase activation: the activation loop in the catalytic kinase domain, the hydrophobic motif outside the kinase domain, and the turn motif in the c-terminal tail ( 60 ) . Out of the 18 phosphorylated AGC kinases identified in this study, 12 kinases were quantified with these conserved phosphorylation events, suggesting a high level of AGC activity (Supplementary Table 1 ).
Interestingly, 29 other phosphorylation events were quantified and only one of these has a reported function. The abundance of phosphorylation events on kinases indicates a tremendous amount of cross-talk between kinase signaling pathways in the brain.
Multiple phosphorylation states were quantified for 825 unique peptide sequences. For example, an N-terminal triply phosphorylated peptide from synaptic vesicle glycoprotein 2A (SV2a) was identified more frequently than the same peptide doubly or singly phosphorylated ( Figure 2C and Supplementary Table 2) . Phosphorylation of the SV2a Nterminus has been demonstrated to be required for its interaction with synaptotagmin, but the exact sites are unknown ( 61 ) . A peptide from the G protein-coupled receptor kinaseinteractor 1(GIT1) exhibited the opposite trend ( Figure 2C ). GIT1 is involved in synaptic formation and these observed phosphorylation sites are localized to the region responsible for its synaptic localization( 62 ) The phenomenon of multistate phosphorylation has previously been described as bistability or convergence ( 63 , 64 ) . Our dataset suggests that multiple phosphorylation is also a prominent signaling mechanism in the PFC.
PCP Enrichment Analysis
All the quantified phosphopeptides with a fold-change greater that than 1.5 with a RSD < 50% were analyzed to determine if there was significant enrichment in any protein function or signaling pathway. Comparing the Sal and PCP datasets, there were 232 unique phosphopeptides up-regulated upon PCP treatment and 257 phosphopeptides downregulated upon PCP treatment (Supplementary Table 3 ). Proteins annotated to "regulation and organization of the plasma projections" were significantly enriched in both up-regulated (p < 5.83 × 10 -9 ) and down-regulated (p < 2.48 × 10 -17 ) phosphoproteins. Comparing the SalPPI and PCPPPI datasets, there were 2843 unique phosphopeptides in common comprising 943 phosphoproteins. There were 142 phosphopeptides up-regulated in the PCPPPI group and 93 phosphopeptides down-regulated in the PCPPPI group (Supplementary Table 4 ). The most significantly enriched function (9.3 × 10 -13 ) of the phosphoproteins up-regulated in the PCPPPI group was also the regulation and organization of plasma membrane projections but in the down-regulated dataset, synaptic transmission was the most significantly (2.1 × 10 -8 ) enriched protein function. The regulation and organization of plasma projections includes dendrites, dendritic spines, and axons and relies heavily on cytoskeleton proteins. Four phosphoproteins (CAMK2A, MAG, SYNGAP1, and PPP19RA) in this functional class were up-regulated in both PCP and PCPPPI. Seven phosphoproteins (BSN, MAP1B, MAP2, MAPT, NEFM, NEFH, PRKCE) were upregulated in PCP and PCPPPI and down-regulated in Sal, but with different phosphopeptides indicating the complexity of cytoskeleton phosphorylation. Changes in neuronal architecture are an important aspect of synaptic plasticity and an altered cytoskeleton has been implicated in numerous cognitive disorders ( 65 ) . One phosphorylation site (S25) of the cytoskeletal regulating protein, stathmin-1, has previously been analyzed in schizophrenic postmortem brains. The phosphorylation of S25 was found significantly increased in the schizophrenia postmortem PFC ( 66 ) . The data set presented here showed a significant increase ofpS25 upon PCP treatment ( Figure 2D ). Overall, this functional analysis suggests a complex phosphorylation signaling network of cytoskeleton proteins underlies the effect of PCP and PPI may alter this signaling network independently of PCP.
A test for enrichment of specific signal transduction pathways showed there was a difference between the PCP up-regulated and down-regulated datasets. Phosphoproteins annotated to LTP signaling (p value 2.9 ×10 -8 ) was the most significantly enriched pathway in the downregulated PCP dataset and also significantly down-regulated in the PCPPPI dataset (p value 8.06 × 10 -6 ) when compared to Sal and SalPPI datasets, respectively (Figure 3) . Although there was an overlap between phosphoproteins, there was no overlap in exact phosphopeptides. There was also an overlap in protein families. For example, PPP1R11 (protein phosphatase 1, regulatory (inhibitor) subunit 11) was down-regulated in PCPPPI and PPP1R12A (Protein phosphatase 1 regulatory subunit 12A) was down-regulated in PCP. Both of these proteins directly interact with protein phosphatase 1 (PP1 family). The PP1 family is also involved in LTP and inhibition of PP1 enhances learning in rats ( 67 , 68 ) .
Under-studied proteins-One caveat of these enrichment analyses is that they are biased to proteins or pathways that are heavily reported in the literature. In other words, our dataset may contain novel proteins that are involved in LTP signaling but overlooked by these analyses. Alternatively, it is possible only one protein of a particular pathway is in the dataset. This pathway would not be enriched, but still could be important to PCP signaling. For this reason, statistical analysis (i.e. t-test) was performed to determine statistically significant phosphopeptides regardless of their function. One such phosphoprotein is a brainenriched guanylate kinase-associated protein (Begain). This brain specific protein was discovered in the yeast-two hybrid screen using PSD-95 as bait ( 69 ) . PSD-95 is the core scaffolding protein of the NMDAR complex and facilitates glutamate signal transduction at the post-synapse. It has been reported that NMDAR antagonists can prevent the localization of Begain to the synapse ( 70 ) . The function of this protein and the biochemical mechanism underlying this altered localization are unknown. The phosphorylation of S494 was significantly decreased after PCP treatment ( Figure 4A ). With a similar phosphorylation pattern as other known LTP signaling proteins, it is possible that S494 phosphorylation plays a role in LTP.
Another phosphoprotein that eluded the enrichment analysis was solute carrier family 7 member 11 (SLC7A11 or xCT), which is the rate limiting subunit of the cystine/glutamate antiporter, system xc-( 71 ). Phosphorylation of S26 was significantly up-regulated in PCPPPI compared with SalPPI ( Figure 4B ). To determine if phosphorylation at this site is able to alter the activity of xCT, cDNAs with mutations in residue 26 were generated. The xCT cDNAs (wild-type (S26), mutation of serine to aspartate (D26), or mutation of serine to alanine (A26)) were transfected into the mouse hippocampal cell line HT22. The A26 mutant, which does not contain the phosphorylation site, showed significantly decreased glutamate uptake as compared to mimicking phosphorylation with the D26mutant ( Figure  4C ). The alanine mutant, however, still increased glutamate transport above mock transfected cells (data not shown). Changes in system xc-activity have been previously linked to transcriptional control ( 71 , 72 ) , but this is the first direct evidence that phosphorylation can alter the activity of xCT.
It is interesting that phosphoproteins involved in synaptic transmission were significantly enriched when SalPPI was compared to PCPPI but this was not observed comparing Sal and PCP datasets. This suggests that the PPI paradigm could be altering the phosphoproteome independent of PCP, so the PPI dataset was analyzed for altered phosphopeptides from the non-PPI dataset. Comparing the PPI and No-PPI datasets, there were 4072 unique phosphopeptides in common compromising 1188 phosphoproteins. There were 236 phosphopeptides up-regulated in PPI and 206 phosphopeptides up-regulated in no PPI (Supplementary Table 5 ). There was no significant enrichment in any well-characterized protein function or signaling pathway. Nevertheless, there were large, significant changes between PPI and No-PPI datasets ( Figure 4D ).
Discussion
The dataset presented here demonstrates the extraordinary complexity of the rat PFC phosphoproteome. There are 514 human kinase genes that have been classified into 8 distinct families based on sequence homology ( 73 ) , and phosphorylation events were identified in seven families in this study. Phosphorylated CAMK, AGC, and STE kinases were enriched in the brain compared to the overall percentage of these kinases in the whole genome. The CAMK family has previously been reported to be enriched in the brain ( 74 ) . Alternatively, this enrichment could indicate that these kinases are more active in the brain since many phosphorylation events are linked to kinase activity. One of the biggest obstacles in phosphoproteomics is interpreting the data, since the function of the majority of phosphorylation events are unknown. Even within the well-studied AGC family, the majority of the phosphorylation events have no known function, suggesting many additional layers of kinase regulation exist in the brain beyond what is already described in the literature. While the known AGC phosphorylation events are necessary for a fully active protein conformation, other events may dictate localization and protein interactions to impart substrate specificity in the complex brain milieu. One signaling mechanism that also may aid in signaling specificity is bistability or convergence, as demonstrated by unique peptide sequences identified with one, two and three phosphorylation events. It has been postulated that these multiple phosphorylations do not exhibit a linear relationship with regard to protein activity, but convert graded cell signals into ultrasensitive switches in response to small changes within a cell to produce a binary response. The necessity for this process is born from multiple signaling pathways converging on the same signaling molecule, producing negative and positive feedback loops. The requirement by AGC kinases for multiple phosphorylation events for full activity would fall into this category of a graded response. At the cellular level, this phenomenon has been demonstrated to be necessary for cell cycle progression ( 75 ) . Although this phenomenon has been demonstrated at the protein level, this dataset demonstrates it at the peptide level with residues in close proximity. A previous report demonstrated the HAP phosphopeptide enrichment strategy doubled the percentage of multiple phosphorylated peptides identified compared to gallium metal affinity enrichment in cell culture ( 46 ) . More than 40% of the quantified peptides in this study had multiple phosphorylation events, which is three times as many as were observed in a recent brain phosphoproteome report that employed titanium oxide ( 76 ) . Thus, HAP phosphopeptide enrichment strategy should allow further investigation of this signaling mechanism.
The idea of using both phosphorylated and identical unmodified peptide in quantitative phosphoproteome analysis has been reported for accurate interpretation of a dataset ( 77 ) . For example, a large difference in a phosphorylation site identified in a wild-type and transgenic knockout mouse brain may solely be due to a difference in protein expression while the extent of protein phosphorylation between the tissues could be identical. There is an inherent technical difficulty, however, in attempting to use unmodified peptides in the analysis. First, phosphopeptides are undetectable without phosphorylation enrichments, which strive to remove unmodified proteins. In our dataset, the unmodified peptides that were identified overlapped with less than 30% of the modified peptides. Thus, two separate MS studies are required: phosphorylation analysis and whole proteome analysis. Phosphopeptide enrichment strategies, however, enrich for low abundant proteins that are undetectable to whole proteome analysis even with extensive fractionation due to limited dynamic range of the MS instruments. For example, comparison of a comprehensive tissue phosphorylation and whole proteome analyses resulted in an peptide overlap of only 36% ( 78 ) . This potential problem, however, may not apply or have minimal effect on our dataset because the biological question analyzed in this report is mechanistically unique compared to previously published quantitative phosphorylation proteome reports. In this study, differences were examined between identical brain regions induced by a drug treatment and behavior test which lasted for less than 30 minutes. This time frame is too short for changes in translation and the earliest changes, i.e. immediate early genes, are only detected after one hour ( 79 ) . Supporting this idea, no changes in unmodified proteins were detected in primary cultured neurons after 15 min of PCP, but changes in phosphorylated proteins were detected in this short time frame ( 80 ) . The fact that these behavioral changes do manifest so quickly after a PCP injection strongly suggest the role of post-translational modifications and this was the impetus for this study.
This study represents the first quantitative phosphoproteomic analysis of PCP and PPI in the rodent brain. PCP-induced PPI deficits are widely used to produce a schizophrenia-like phenotype in rats to investigate the pathophysiology of schizophrenia and develop novel drug targets ( 81 ) . There have been, however, other phosphoproteomic analyses on the effects of PCP. One study reported quantitative changes in the phosphoproteome induced by PCP in primary cortical neuronal culture ( 80 ) . Another reported quantitative phosphoproteome changes in the rat frontal cortex using a high PCP concentration (i.e. ten times higher used in this study) that produces ataxia ( 82 ) and neurotoxicity ( 76 ) . Although both are informative studies on PCP signaling in neurons, neither study uses an experimental preparation with as much relevance to an animal model of schizophrenia as that employed in our study. For example, it was demonstrated that the brain phosphoproteome was distinct from the phosphoproteome of primary cultured neurons ( 80 ) . We chose a low dose of PCP (1.25 mg/kg) because it has minimal effects on motor activity ( 83 , 84 ) but does reduce PPI in rats, providing a more relevant model for schizophrenia. PPI was employed to verify that the low dose PCP had a behavioral effect relevant to schizophrenia. Consistent with other evidence supporting PCP as a useful strategy to understand the complexities of schizophrenia, PCP reproduced a phosphorylation change in the stathmin protein previously reported in schizophrenic postmortem brains ( 66 ) . The stathmin protein controls microtubule dynamics through its direct interaction with tubulin. When bound to tubulin, it prevents microtubule formation and promotes disassembly, and upon phosphorylation, it releases tubulin allowing microtubule formation ( 85 ) . PCP treatment increased phosphorylation on serine25 (pS25) on the stathmin protein in the PFC in this study. A previous report observed an increase in pS25 in the PFC of schizophrenia patients compared to controls but the change was not observed in the brains of people with Alzheimer's disease, indicating some specificity of the effects to schizophrenia. Although the function of pS25 is not understood, data suggest it is phosphorylated by members of the MAPK family, which is crucial to LTP ( 86 ) . Interestingly, more recent studies have reported abnormal microtubule organization in cultured olfactory epithelium neurons from schizophrenia patients ( 87 , 88 ) . Additionally, stathmin knockout (KO) mice develop normal brains, including normal neuronal morphology, despite abnormal microtubule organization ( 89 ) . Stathmin KO mice showed no changes in basic synaptic transmission, but did display deficient LTP. Behaviorally, stathmin KO mice have memory deficits in a conditioned fear paradigm, display disrupted maternal care and abnormal adult social interactions, and memory extinction ( 90 -92 ) . Thus, our study demonstrates the acute effect of PCP on the stathmin protein and provides additional evidence that stathmin plays a role in complex cognitive behaviors.
Using protein function enrichment analysis, phosphopeptides that were altered upon PCP treatment were significantly enriched in the regulation and organization of neuronal morphology. Phosphoproteins were both up and down regulated after PCP treatment in this functional category, which reiterates the intricate regulation of cytoskeletal phosphorylation previously observed. For example, there are 238, 174, and 84 phosphorylation sites reported for microtubule-associated protein 1B (MAP1B), MAP2, and neurofilament-H, respectively ( 93 ) . To date, this remarkable "phospho-code" of cytoskeleton proteins remains a mystery. In the brain, cytoskeleton proteins define the morphology of the neurons. One aspect of dynamic neuronal morphology that has been implicated in schizophrenia is dendritic spines. Dendritic spines protrude from dendrites and often form excitatory synapses which may have an important role in regulating the excitability of a neuron. The loss of dendritic spines has been correlated with cognitive deficits ( 94 ) . Multiple independent studies have reported a decrease in spine density in postmortem schizophrenia brains ( 95 ) . In the PFC, chronic PCP administration for seven days resulted in a decrease of spines ( 96 ) , but it was also reported that one month of PCP administration produced an increase in spine density ( 97 ) . Thus, it appears PCP does regulate spine density but different laboratory paradigms affect the outcome. Our data demonstrates that acute administration of PCP alters cytoskeletal phosphoproteome, which may be the underlying mechanism of its regulation of dendritic spines.
Pathway analysis revealed that phosphopeptides that were down-regulated in response to PCP were significantly enriched to the LTP signaling pathway. For example, four phosphopeptides of three PKC family members were down-regulated upon PCP treatment. Protein kinase C (PKC) has been demonstrated to regulate LTP and activation of PKC can even rescue LTP from the blockade of NMDAR ( 98 , 99 ) . The phosphorylation of T500 of PKC-beta is located in its kinase catalytic region and is critical for its activity, suggesting this kinase is less active after PCP treatment ( 100 ) . A decrease in activity was observed in dual specificity mitogen-activated protein kinase 1(MEK1) after phosphorylation on T386. This regulatory site is phosphorylated by extracellular signal-regulated kinase-2 (ERK2) ( 101 , 102 ) . When the site is mutated to block phosphorylation, the unphosphorylated MEK1 is more active than wild-type. The MEK/ERK pathway is essential to LTP and a decrease in ERK phosphorylation and activity have been reported after NMDAR blockade ( 36 , 103 ) . Therefore, the decrease in phosphorylation of T386 in this dataset suggests ERK2 is less active after PCP treatment. A decrease of phosphorylation at S1756 was observed for inositol 1,4,5-trisphosphate receptor (ITPR1), which is an ER calcium channel. This site has been reported to increase the activity of the receptor exporting calcium to the cytoplasm, modulating LTP ( 104 , 105 ) ( 106 , 107 ) . Although many other phosphoproteins are wellknown proteins involved in LTP, the majority of phosphorylation sites quantified do not have a known biological function. The phosphorylation sites with known biological consequences suggest that PCP decreases the activity of these proteins that would reduce or prevent LTP, consistent with the literature ( 108 ) .
Enrichment analyses are routinely applied to proteomic datasets and can provide important insights to identify biological processes modulated by novel experimental conditions. The decrease in phosphorylation events in response to PCP on known LTP-associated proteins might be expected, but it is a crucial validation for the dataset and identifies novel phosphorylation sites that might play a role in regulating LTP. On the other hand, these analyses rely on proteins and signaling pathways that have been heavily studied. This can be counterintuitive when performing a global unbiased proteomic analysis to discover the involvement of novel proteins in known signaling pathways. However, statistically significant phosphopeptide changes induced by PCP may contain previously uncharacterized LTP signaling molecules. For example, begain protein, whose function is unknown, was decreased in a similar pattern as known LTP molecules and has previously been implicated in NMDAR signaling. Another protein that escaped enrichment analysis but had a significant increase in phosphorylation after PCP was xCT. xCT is the rate limiting subunit of the sodium independent cysteine/glutamate antiporter, system xc-. In the brain, it has been demonstrated that inhibition of this antiporter reduces extracellular levels of glutamate ( 109 , 110 ) . Mutagenesis of the S26 phosphorylation site to A26 shows that this mutant is less active than the wild-type or the D26 mutant suggesting that PCP should increase extracellular glutamate through system xc-. It has been reported that PCP increases extracellular glutamate in the PFC, and group II mGluR agonists can reduce this elevation in extracellular glutamate along with PCP-induced behavioral deficits ( 30 ) . The molecular mechanism of the PCP induced glutamate release is unknown. Thus, PCP increasing the phosphorylation of xCT couldresult in an increase in extracellular glutamate. Consistent with this theory, xCT expression has been reported to be increased in schizophrenia brains compared to control brains ( 111 ) . Alternatively, changes in the the phosphorylation of xCT could be a compensatory mechanism to PCP induced extracellular glutamate. Interestingly, Baker et al. reported that manipulation of xCT could block behavioral deficits induced by PCP ( 111 ) . Thus, the fact that our study and Baker et al. have both implicated system xc-in PCP signaling strongly suggests that further investigation is needed to determine the exact molecular details of the regulation of system xc-function in the brain.
Although PPI was initially employed to verify the effects of PCP, statistical changes in phosphoproteins were observed between PPI-tested and PPI-non tested rats. PPI is an example of sensorimotor gating. Although many drugs have been reported to modulate PPI and relevant circuitry has been dissected through lesion and pharmacological studies, to our knowledge this is the first study to investigate the signaling which underlies sensorimotor gating. The phosphopeptide, SETMVNAQQpTPLGpTPK, of the paralemmin protein was significantly down-regulated greater than 2.5 fold after exposure to the PPI paradigm. Paralemmin controls dendritic spine dynamics, which regulates plasticity and cognition ( 112 ) . It was also demonstrated that neuronal activity alters its plasma membrane localization, but the molecular mechanism is unknown. We also observed a four-fold increase in the actin-dependent motor protein myosin-11(VIENTDGpSEEEMDAR) after PPI. Although this particular myosin has not been studied in the brain, other myosin proteins have been demonstrated to regulate higher brain function ( 113 ) . Finally, we observed a greater than 3.5 fold statistical increase in the phosphopeptide, (LAALKDEPQTVPDVPSFGDpSPPLpSPIDMDTQER) of JunD, which is a component of the AP-1 transcription factor family. AP-1 is a large group of dimer complexes composed of Jun, Fos, or ATF DNA binding proteins. Although the biological significance of these quantitated phosphorylation sites are unknown, phosphorylation has been demonstrated to be crucial to all Jun proteins, regulating their expression, activity, and interactions ( 114 ) . For example, stimulation of glutamate receptors has been reported to recruit JunD to the AP-1 complex, and enhanced JunD interaction with ERK has been demonstrated to be necessary for the learning process of contextual fear extinction ( 115 , 116 ) . These data suggest that these phosphoproteins are involved in the processing of motor and sensory information in the PFC. Since these studies were not designed to dissect differences in phosphoproteins associated specifically with PPI vs startle response, we cannot rule out the possibility that some of these changes in phosphoprotiens in the PFC were due to exposure to the startling stimuli ( 117 ) .
Conclusions
The known protein signaling molecules modulated by PCP to generate a schizophrenia phenotype are scarce but are invaluable to the field to provide potential drug targets for this devastating disorder. The dataset presented here is a leap forward for this field to begin the exploration of the involvement of these novel signal transduction molecules (http:// sealion.scripps.edu:8080/pint/?project=04cf043e645ab98e5214396575d271ff#query). We highlighted specific proteins that have been previously implicated in this model or schizophrenia to increase confidence in this novel dataset. Although this is a big step, there are more to follow. First, these changes have been localized to the PFC, but cell type localization would provide more information about the functional consequences. Second, the ability of phosphorylation to modulate a protein's activity, localization or interactions complicates the functional analysis of this post-translational modification. There are over 200 000 unique phosphorylation sites in the human proteome, but less than 10% have a known biological function ( 93 ) . For example, we demonstrated for the first time that a phosphorylation modulated by PCP on the xCT protein alters its activity. One method to assign function is to quantitate phosphorylation levels and compare them in different biological conditions. In this study, the sensitivity of quantitative proteomic technology was challenged to identify changes in the PFC induced a subtle but reproducible behavioral alteration triggered by a low dose of PCP. With a time scale of less the 30 minutes, it was postulated changes in phosphorylation is essential for understanding the biological underpinnings of this behavioral paradigm as protein and gene expression changes requires hours. A subset of phosphorylation events in the vast brain phosphoproteome were altered in the PFC after modulating a key regulator of LTP, the NMDAR. With many of these phosphorylation sites on known LTP-associated signaling proteins, this dataset also provides great potential to promote the further understanding of the complex and crucial LTP signaling pathway. Finally, this is the first study to identify potential phosphorylation events underlying sensory and motor processing in the PFC.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A) The distribution of the functions of the quantified phosphoproteins. B) Distribution of kinases. The red bars represents the percentage of kinases family members quantified by phosphopeptides and the black bars represent the percentage of each genes in each kinase family of the known 514 kinases. For example, AGC family represents 12% of all the known kinases but represents 24% of all the kinases quantified by phosphopeptides in this study. C) Two examples of multistate phosphorylation in the dataset. The peptide NQSDLDDQHDYDSVASDEDTDQEPLPSAGATR from GIT1 (red) was quantified over 100 times with one phosphorylation event, but much less with two or three phosphorylation events. The peptide GEGAQDEEEGGASSDATEGHDEDDEIYEGEYQGIPR from SVA2 (blue) was rarely quantified with one phosphorylation event, but more often was quantified with two and three phosphorylation events. D) The peptide ASGQAFELILpSPR from stathmin was significantly increased upon PCP treatment. * p value < 0.05 Phosphoproteins down-regulated in PCP and PCPPPI compared to Sal and SalPPI, respectively, which were significantly enriched in LTP signaling pathway. The blue phosphoproteins were down-regulated in PCPPPI, the red phosphoproteins were downregulated in PCP, and the green phosphoproteins were down-regulated in both PCP and PCPPPI rats. Uncolored proteins were not quantified in our study. The solid lines represent direct relationship have been reported and the dashed lines represent relationships inferred from the literature based on the relationships of proteins from the same family. A) The peptide ADSpFSEGDDLSQGHLAEPCFLR of Begain was significantly downregulated after PCP treatment. B) The peptide LPpSVGDQEPPGHEK of xCT was significantly up-regulated after PCPPPI. The same trend was trend observed for the PCP and Sal comparison but not enough measurements were collected for statistical analysis. C) Abolishing the phosphorylation site in B) decreases 3 H-glutamate uptake through xCT in HT22 cells. Cells were transfected with WT, D26, or A26 xCT cDNA and glutamate uptake assays was performed. The data represents three independent experiments. The y-axis is the 3 H-glutamate measurements of D26 and A26 as a percentage of the WT xCT glutamate uptake measurements. D) Phosphopeptides significantly altered in the PFC between rats that underwent PPI or mock PPI (control). Paralemmin (SETMVNAQQpTPLGpTPK), myosin-11(VIENTDGpSEEEMDAR), JunD (LAALKDEPQTVPDVPSFGDpSPPLpSPIDMDTQER). * p value < 0.05, ** p value< 0.01.
